Cocaine binds to monoamine transporters, resulting in elevated levels of dopamine (DA), serotonin and norepinephrine. Much research has focused on cocaine's actions within the dopaminergic system, because this neurotransmitter has been intimately linked to the high abuse liability of cocaine (e.g., Ritz et al. 1987; Roberts et al. 1999 ; Woolverton and Johnson 1992) . Within the DA system, there are two pharmacologically distinct families of receptors, D 1 and D 2 , both of which are present in the nucleus accumbens, caudate, putamen, amygdala, and prefrontal cortex. These areas are major targets of dopaminergic neurons in the ventral midbrain and are thought to play a role in mediating the reinforcing effects of cocaine.
There is considerable evidence from rodents and primates linking D 1 and D 2 receptors to many of the behavioral effects of cocaine. For example, D 1 agonists are self-administered (Self et al. 1996 ; Self and Stein 1992; Weed et al. 1993 Weed et al. , 1997 Weed and Woolverton 1995) and have cocaine-like discriminative stimulus effects (Spealman et al. 1991 ; Sinnott and Nader 2001) . Furthermore, D 1 agonists and antagonists have been shown to produce dose-dependent and orderly changes in cocaine self-administration (e.g., Bergman et al. 1990; Caine et al. 1995; Caine and Koob 1994; Corrigall and Coen 1991 ; Katz and Witkin 1992; Spealman et al. 1997 ; Woolverton and Virus 1989) . Similarly, D 2 agonists are self-administered (Caine et al. 1999 (Caine et al. , 2000 Nader and Mach 1996) and also have cocaine-like discriminative stimulus effects (Lamas et al. 1996; Spealman et al. 1991; Sinnott et al. 1999 ). In addition, administration of D 2 receptor agonists and antagonists has been shown to produce dosedependent and orderly changes in cocaine self-administration (e.g., Bergman et al. 1990 ; Caine and Koob 1994; Nader et al. 1999) . The behavioral effects of drugs acting at D 1 and D 2 receptors clearly indicate a role for these receptor subtypes in mediating the actions of cocaine.
Efforts to determine the neurobiological consequences of cocaine administration, especially as it pertains to the dopaminergic system, have produced mixed results. For example, "chronic" cocaine treatment in rodents has been reported to increase, decrease, or not change D 1 and/or D 2 receptor densities (e.g., Dwoskin et al. 1988 ; Goeders and Kuhar 1987; Kleven et al. 1990; Lim et al. 1990; Maggos et al. 1998; Memo et al. 1981; Peris et al. 1990; Taylor et al. 1979 ; Trulson and Ulissey 1987) . These divergent results may be due to different dosing regimens (i.e., drug dose, freuency of drug administration per day), length of "chronic" administration, which rarely exceeded two weeks, withdrawal periods and the ligands used in autoradiography. In addition, previous studies have used non-contingent cocaine administration, rather than cocaine self-administration procedures. There is evidence, however, suggesting that the effects of cocaine (and other drugs of abuse) are different depending on whether the drug is self-administered by the animal or administered by the experimenter (e.g., Bradberry 2000; Dworkin et al. 1995; Stefanski et al. 1999) . As a result, the present study utilized cocaine self-administration, in which reinforcing doses of cocaine were studied.
In humans, positron emission tomography (PET) studies have shown significantly lower D 2 receptor binding potential in cocaine abusers than in control subjects (Volkow et al. 1990 (Volkow et al. , 1993 . In contrast, analysis of post-mortem tissue from people who died from cocaine overdose as compared with age-matched controls, showed no differences in D 2 receptor density in the striatum (Staley and Mash 1996) or in D 1 and D 2 mRNA from the nucleus accumbens, dorsal striatum, or substantia nigra (Meador-Woodruff et al. 1993) . Thus, at present the relationship between chronic cocaine exposure and changes in D 1 and D 2 receptor densities in humans is unclear.
Three studies have examined the effects of chronic cocaine administration on D 1 and D 2 receptors in monkeys. Farfel et al. (1992) found that after 14 days of cocaine treatment followed by 14 days withdrawal, D 1 receptor densities were decreased, while D 2 receptor densities were not changed compared with control values. Unfortunately, it is not clear whether the effects were due to chronic cocaine, the withdrawal period, or both. We have reported that in monkeys with an extensive history of cocaine self-administration ( Ͼ 18 months), both D 1 and D 2 receptor levels were downregulated compared with controls (Moore et al. 1998a,b) . These studies highlight the importance of dose, duration of exposure, and contingency of drug presentation on the neuroadaptions from chronic drug use. The primary goal of the present study, therefore, was to systematically examine the effects of both dose and duration of cocaine exposure on D 1 and D 2 receptor densities in monkeys self-administering cocaine.
METHODS

Behavioral Manipulations
Subjects. Twenty-four experimentally naive adult male rhesus monkeys ( Macaca mulatta ), weighing 7.6-11.5 kg at the start of the study, served as subjects. Monkeys were individually housed in stainless steel cages with water ad libitum; animals had visual and auditory contact with each other. Their body weights were maintained at approximately 90-95% of free-feeding weights, by banana-flavored pellets earned during the experimental sessions and by supplemental feeding of Lab Diet Monkey Chow, no sooner than 30 min post session. Each monkey was weighed once a week and, if necessary, their diets were adjusted to maintain weights. In addition, they were given fresh fruit or peanuts two to three times per week. Monkeys lived in temperature-and humidity-controlled colony rooms with lighting on from 6 A . M . to 8 P . M . All procedures were performed in accordance with established practices as described in the National Institutes of Health Guide for Care and Use of Laboratory Animals. In addition, all procedures were reviewed and approved by the Animal Care and Use Committee of Wake Forest University.
Surgery
Intravenous Catheters. Each monkey was surgically prepared, under sterile conditions, with an indwelling intravenous catheter and vascular access port (Model GPV, Access Technologies, Skokie, IL). Monkeys were anesthetized with a combination of ketamine (15 mg/ kg, i.m.) and butorphanol (0.03 mg/kg, i.m.) and an incision was made near the femoral vein. After blunt dissection and isolation of the vein, the proximal end of the catheter was inserted into the vein for a distance calculated to terminate in the vena cava. The distal end of the catheter was threaded subcutaneously to an incision made slightly off the midline of the back. The vascular access port was placed within a pocket formed by blunt dissection near the incision. Prior to each experimental session, the back of the animal was cleaned with 95% ETOH and betadine scrub and a 22 gauge Huber Point Needle (Model PG20-125) was inserted into the port leading to the venous catheter, connecting an infusion pump, containing the cocaine solution, to the catheter. The pump was operated for approximately 3 s, filling the port with the dose of cocaine that was available during the experimental session. At the end of each session, the port was filled with heparinized saline (100 Units/ml) to help prevent clotting.
Intraarterial Catheters. Approximately five days before the terminal procedure, each monkey was implanted with a chronic indwelling catheter into the femoral artery. The procedures were identical to those described for the venous catheters. For monkeys in the "initial" cocaine self-administration groups (see below), this catheter was implanted at the same time as the venous catheter. On the final session, a terminal glucose metabolism study was conducted (see Lyons et al. 1996 for details). In this procedure, monkeys were injected with 2-[ 14 C]deoxyglucose (2-DG) approximately 2 min after the end of the session and blood samples were obtained through the arterial catheter over a 45 min period. No metabolism data will be presented.
Apparatus
Cocaine self-administration and food-reinforced responding occurred in ventilated and sound-attenuated chambers (150 ϫ 74 ϫ 76 cm, Med Associated, East Fairfield, VT) designed to accommodate a primate chair (Model R001, Primate Products, Redwood City, CA). An intelligence panel (48 ϫ 69 cm), located on the right side of the chamber, contained two retractable levers (5 cm wide) with three small stimulus lights centrally located 14 cm above each lever. The levers were positioned to be within easy reach of the monkey sitting in the primate chair. One gram food pellets were delivered into a food receptacle located on the intelligence panel, between the two levers. A peristaltic infusion pump (7531-10, Cole-Parmer Co., Chicago, IL) for delivering drug injections at a rate of approximately 1 ml/10 s, was located on the top of the chamber. Operation of the chambers and data acquisition were accomplished with a computer system (Power Macintosh and Med Associates interface).
Procedures
Each monkey was fitted with an aluminum collar (Model B008, Primate Products) and trained to approach the front of the cage when the investigator was present. A stainless steel rod (Model R011, Primate Products) with a latch on the end was attached to the collar and the monkey was guided into the primate restraint chair. The monkey, seated in the primate chair, was then wheeled into the experimental chamber. Monkeys were initially trained to respond on the left lever by reinforcing each response with a 1g banana-flavored pellet. Over approximately three weeks, the interval between food pellet availability was gradually increased until a 3-min interval was obtained (i.e., a fixed-interval 3-min schedule; . Under the final schedule conditions, the first response on the lever after 3 min resulted in food pellet delivery; sessions ended after 30 food presentations. All monkeys continued to respond under the FI 3-min schedule of food presentation for at least 20 sessions and until stable performance was obtained ( Ϯ 20% of the mean for three consecutive sessions, with no trends in response rates). When food-maintained responding was stable, the feeder was unplugged and the effects of extinction on responding were examined for five consecutive sessions. After this extinction period, responding was re-established and maintained by food presentation. Because saline was not studied after cocaine self-administration had been established (see below), rates of responding during extinction of food-maintained responding were used to confirm that cocaine was functioning as a reinforcer.
Experimental Groups
After two to three months and when baseline food-reinforced performance had been established, all monkeys were surgically prepared with a venous catheter, as described above, and randomly assigned to one of six groups. Two groups of monkeys (initially n ϭ 4/group) served as controls and continued to respond under the FI 3-min schedule of food presentation. The remaining 16 monkeys were assigned to one of four cocaine self-administration groups (n ϭ 4/group): (1) initial (5-day) exposure, low-dose cocaine self-administration group (0.03 mg/kg per injection); (2) initial exposure, high-dose cocaine self-administration group (0.3 mg/kg per injection); (3) chronic ( ‫ف‬ 100 days) exposure, low dose group; and (4) chronic exposure, high dose group. Over the course of the chronic study, two monkeys (one from each self-administration group) became ill and had to be removed from the study. They were replaced by two monkeys that were initially designated as control subjects. As a result, the chronic control group is n ϭ 2. Food-maintained performance was allowed to stabilize after surgery (approximately 4-6 days) before cocaine self-administration sessions were begun. Because 0.3 mg/kg cocaine per injection was considered a high dose for previously cocaine-naïve monkeys, for most animals this dose was achieved within two sessions by first allowing the monkey to self-administer 0.1 mg/kg cocaine per injection. For all groups, responding was maintained under an FI 3-min schedule and sessions ended after 30 reinforcer presentations. Experimental sessions were conducted seven days per week, at approximately the same time each day. Mean total cocaine intakes ( Ϯ S.E.M.) for each group are shown in Table 1 . At the end of the exposure period, monkeys were humanely euthanized with an overdose of pentobarbital (100 mg/kg, i.v.).
Probe Sessions
In an effort to develop a model of "craving," monkeys in the chronic self-administration groups and their food-maintained control monkeys, were exposed to "probe" sessions approximately every 14 days. A probe session consisted of a period of abstinence (1, 2 or 3 days) followed by a 2-h experimental session in which the schedule of reinforcement was FI 2 h. During abstinence periods, the monkey was placed in the restraint chair, his catheter was flushed with heparinized saline (100 Units/ml) and he was returned to his homecage. Each abstinence period/probe session was evaluated twice throughout the course of the experiment, with the order of testing occurring in a semi-random fashion. The final probe session occurred at least two weeks before the terminal 2-DG procedure. Data from these probe studies are not presented here.
Data Analysis
The primary dependent variables for the self-administration studies were response rates and cocaine intake. Data are presented as the mean ( Ϯ 1 S.E.M.) for all monkeys in a group. Data were analyzed using repeated measures analysis of variance (ANOVA). For the chronic studies, data are plotted as means from blocks of 10 sessions; main effects were Group (Food, Coc 0.03 and Coc 0.3) and Blocks (from 1-10). For all analyses, p Ͻ .05 was considered statistically significant. In addition, quarter-life (QL), which is an index of pattern of responding under FI schedules (Catania and Reynolds 1968) was calculated for performance from both chronic cocaine self-administration groups. QL values represent the proportion of the FI elapsed when 25% of the responses in that interval had occurred. To calculate QL values, the interval (3 min) was divided into 10 bins (18 s/bin) and responses in each bin were tabulated across the entire session. Larger QL values represent greater responding late in the FI; QL values larger than 0.25 are characteristic of "schedule-appropriate" responding.
Tissue Processing
After euthanasia, brains were immediately removed, blocked, and frozen in isopentane at -35 Њ to -55 Њ C and then stored at -80 Њ C. The tissue blocks containing the striatum were then cut in a cryostat at -20 Њ C in the coronal plane into 20-m sections, collected onto subbed or electrostatically charged slides, desiccated under a vacuum overnight at 4 Њ C, then stored at -80 Њ C until used.
Brain sections for autoradiographic processing were collected from the portions of the caudate, putamen, and nucleus accumbens that lie rostral to the anterior commissure. We refer to this region as the precommissural striatum (PCS). Further, rostral and caudal levels of the PCS were designated with reference to the nucleus accumbens. The rostral PCS is the region where the accumbens is not differentiated into distinct shell and core subcompartments. The caudal PCS is the region congruent with the appearance of the shell and core of the nucleus accumbens, which is posterior to the emergence of the olfactory tubercle. For each of the binding studies, two adjacent sections were taken at five levels through the PCS, for a total of ten sections per animal. Separate binding assays were conducted for tissue from animals exposed for 5 days and 100 days of cocaine presentation. Tissue from one food-reinforced control animal that had responded for 5 days was processed along with tissue from animals treated for 100 days. Lidow et al. (1991) and Bardo and Hammer (1991) . For binding studies in the striatum, sections were preincubated for 20 min in buffer (50 mM Tris buffer, pH 7.4, 25 Њ C, containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 ) to remove endogenous DA and 14 C from the deoxyglucose procedure. Sections were then incubated for 30 min in the same buffer, pH 7.4, 25 ЊC, containing 1mM ascorbic acid, 40nM ketanserin, and 1 nM 
D 2 Binding
The density and distribution of dopamine D 2 receptor binding sites were determined with [ 3 H]raclopride (New England Nuclear) according to procedures adapted from Lidow et al. (1991) . Sections were preincubated 20 min in buffer (50 mM Tris buffer, pH 7.4, 25ЊC, containing 120 mM NaCl, 5 mM KCl) to remove endogenous DA and 14 C from the deoxyglucose procedure. Sections were then incubated for 30 min in the same buffer, pH 7.4, 25ЊC, containing 0.1% ascorbic acid and 2 nM [
Densitometry and Data Analysis
Films were processed with Kodak GBX developer, stopbath, Rapid Fixer, and rinsed. Analysis of autoradiography was conducted by quantitative densitometry with a computerized image processing system (MCID, Imaging Research, St. Catharines, Ontario). Optical density values were converted to fmol/mg (of wet-weight tissue) by reference to the Amersham 3 H microscale standards. Specific binding was determined by digitally subtracting images of nonspecific binding from superimposed adjacent images of total binding. Structures were identified by Nissl staining of sections adjacent to those analyzed for receptor binding. Because assays of tissue from the initial and chronic groups were conducted separately, data from each individual assay was analyzed independently by means of a one-way analysis of variance followed by Dunnett's tests for multiple comparisons. Each region comprised a separate analysis. In order to facilitate comparisons across assays, the data presented in Tables 2 and 3 were normalized to one another. Normalization was based on a factor derived from the mean values obtained from adjacent sections of some control animals processed in each of the two assays. Normalization did not change the statistical results in any way.
RESULTS
Cocaine Self-administration
All monkeys were initially trained to respond under an FI 3-min schedule of food presentation, prior to being divided into one of six groups. After approximately 20-30 sessions of food-reinforced responding, mean response rates were not different between any of the groups (Table 1 ; second column). When the food pellet dispenser was unplugged and extinguished responding was studied for five consecutive sessions, response rates were significantly (p Ͻ .01) decreased in all monkeys (Table 1 ; third column). After food-maintained responding was re-established, catheters were placed in the monkeys and cocaine self-administration was initiated.
Initial Cocaine Self-administration For control monkeys, mean rates of food-maintained responding declined with experience under the FI schedule, from a baseline rate of 0.13 r/s to a mean rate of 0.05 r/s at the end of the study. Similar declines have been observed in monkeys responding under FI schedules (e.g., Nader and Reboussin 1994) . Separate groups of monkeys (n ϭ 4/group) were allowed to self-administer either 0.03 or 0.3 mg/kg cocaine per injection during daily sessions. This was accomplished by simply substituting cocaine injections for food presentations. After five days of cocaine exposure, mean rate of responding maintained by 0.03 mg/kg cocaine per injection was 0.05 r/sec compared with a mean rate of 0.01 r/sec maintained by 0.3 mg/kg cocaine per injection (Table 1) ; these rates were significantly different from each other (p Ͻ .05). Compared with food extinction, responding maintained by 0.03 mg/kg cocaine per injection engendered more responses, shorter session lengths and, consequently, higher response rates (0.05 vs. 0.002 r/sec) indicating that cocaine was functioning as a reinforcer during these five sessions of availability. Over the five consecutive sessions that cocaine was available, each monkey received the maximum number of injections per session (i.e., 30), which totaled, over the course of the study, 4.5 and 45 mg/kg cocaine for the low-and high-dose groups, respectively (see Table 1 ).
Chronic Cocaine Self-administration. For monkeys in the "chronic" group, the reinforcer (food, 0.03 or 0.3 mg/kg cocaine per injection) remained constant for approximately 100 consecutive sessions. For all monkeys, response rates declined with continued exposure to the FI schedule (Figure 1 ; p Ͻ .05). These decreases in response rates were paralleled by increases in quarter-life values (a measure of pattern of responding), suggesting that continued exposure to FI contingencies results in declines in response rates due to more efficient performance, and not due to tolerance to the reinforcing effects of the stimulus. At the end of the study, QL values were 0.47 (Ϯ 0.03) and 0.57 (Ϯ 0.11) for the low-and high-dose groups, respectively, indicating scheduleappropriate responding. For monkeys self-administering cocaine, response rates maintained by 0.03 mg/kg cocaine per injection were significantly higher (p Ͻ .05) than rates maintained by 0.3 mg/kg cocaine per injection ( Figure 1 and Table 1 ). Table 2 . For the purpose of analysis, there were two separate control groups (n ϭ 3/group). There were no statistically significant differences in any measure of D 1 receptor binding between control groups. Specific binding with [ 3 H]SCH 23390 accounted for greater than 90% of total binding. The distribution of binding to D 1 receptors within the striatum was assessed at two levels that included the rostral PCS where the nucleus accumbens is not readily differentiable into distinct core and shell compartments and the caudal PCS where the shell of the nucleus accumbens can be clearly distinguished from the core. The caudate at both When compared with the densities of D 1 receptors in the food-reinforced control monkeys, the chronic cocaine self-administration groups had significantly higher concentrations of D 1 receptors in the dorsolateral and ventromedial caudate, dorsal and central putamen, the shell of the nucleus accumbens, and the olfactory tubercle (Figure 2 , panels B and C). Although the increases seen in the putamen appeared to be dose-related, in that significant increases were only observed in the high-dose group (0.3 mg/kg per injection cocaine), the increased densities in other regions were of a similar magnitude regardless of the dose of cocaine self-administered. Data points are averages of 2-3 sections in control groups (n ϭ 3 monkeys) and cocaine groups (n ϭ 4 monkeys). § Data are normalized to chronic monkey data for comparison purposes only. Statistics were performed on untransformed data for each time point. * p Ͻ .05, Dunnett's post-hoc test.
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Effects of Cocaine Self-administration on D 2 Receptor Binding in the Striatum
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weight tissue, are shown in Table 3 . As described above, there were two separate control groups (n ϭ 3/group); there were no statistically significant differences in D 2 receptor binding between control groups. Specific binding with [ ]raclopride binding to D 2 receptors was distinctly heterogeneous across subregions of the dorsal and ventral striatum. In general, higher concentrations of D 2 binding sites were present in more rostral portions of the PCS than at more caudal levels. Furthermore, a clear medial to lateral gradient was evident with a denser expression of D 2 receptors apparent in the more lateral divisions of the striatum (Figure 3, panel A) . Finally, binding was expressed more heavily in the dorsal striatum than in the ventral striatum. This overall pattern was present in tissue of animals in both food-reinforced control and cocaine self-administering groups.
Initial (5 sessions) exposure to the reinforcing effects of cocaine at either dose did not significantly alter the density of D 2 receptor binding sites in the striatum, when compared with the density of receptors in the food-reinforced control monkeys (Table 3 ; Figure 3 , panel B). Although the effects of cocaine were not significantly different from control values, there were consistent decreases of ‫%01ف‬ in D 2 receptor densities in the rostral PCS after five days of cocaine self-administration (see Table 3 ).
In contrast to D 1 receptors, chronic ‫001ف(‬ sessions) exposure to self-administered cocaine decreased the density of [ (Table 3) . Furthermore, the reductions in D 2 binding densities were generally of a larger magnitude than the increases in D 1 binding densities and were also more widespread, incorporating all striatal territories. At rostral levels of the PCS, significant reductions in the density of D 2 receptors were evident in all portions of the caudate, as well as in the dorsal and central putamen. At caudal levels of the PCS, significant decreases in D 2 receptor densities were seen in all portions of the caudate and putamen, as well as in the shell and core subdivisions of the nucleus accumbens ( Figure 3, panel C) . Changes at this level ranged from -9% to -28%. In most cases, these effects were of similar degree following 0.03 mg/kg or 0.3 mg/kg per injection cocaine, although the decreases were larger in the shell and core of the nucleus accumbens and the ventromedial caudate following the 0.3 mg/kg cocaine dose.
DISCUSSION
The present findings suggest that the effects of cocaine on D 1 and D 2 receptor densities are both time-and dose-dependent. Brief exposure (5 sessions) to either a low or a high dose of cocaine did not significantly alter the density of either D 1 or D 2 receptors. However, more prolonged exposure ‫001ف(‬ sessions) resulted in robust and significant changes in D 1 and D 2 receptor densities throughout the precommissural striatum, particularly within the nucleus accumbens. In particular, chronic cocaine exposure decreased D 2 receptor densities, whereas it increased D 1 receptor densities.
The effect on D 2 receptors was widespread; receptor density was decreased in virtually every territory we examined. The effect on D 1 receptors was more variable, with some territories showing increases in receptor density, whereas other areas remained unchanged. There was also some evidence that these effects were dose related, in that larger effects were observed in monkeys self-administering the higher cocaine dose. These results, in a nonhuman primate model of cocaine self-administration, support the hypothesis that chronic cocaine alters the regulation of DA receptor density. Importantly, the present findings provide evidence that with chronic exposure to cocaine the changes in D 1 and D 2 receptors may not be in similar directions.
This study is the first to examine the effects of both initial and chronic exposure to cocaine self-administration on DA receptor numbers in nonhuman primates. In the present study, chronic exposure consisted of daily (7 days/week) cocaine self-administration, for approximately 100 sessions. The present findings, using reinforcing doses of cocaine and no withdrawal periods after the last self-administration session, suggest that initial (i.e., 5 days) exposure to cocaine reinforcement does not allow sufficient time for changes in DA D 1 and D 2 receptor densities to develop. Similarly, we recently reported that in these same animals, five days of cocaine self-administration did not produce significant changes in DA transporter levels (Letchworth et al. 2001) . Taken together, these findings suggest that daily cocaine exposure per se is not sufficient to produce neurobiological alterations. Rather, it appears that more prolonged exposure is necessary for neuropharmacological changes that may ultimately lead to addiction. We hypothesize that despite no significant effect of cocaine on receptor densities following five consecutive sessions of cocaine reinforcement, neuroadaptation to the effects of cocaine has begun and that receptor regulation is highly labile during that period. This may be one explanation for the variable results obtained from "chronic" cocaine studies, in which the cocaine exposure is relatively brief (see Introduction).
In the present study, chronic cocaine self-administration consisted of approximately 100 self-administration sessions and resulted in robust and significant changes in the expression of D 1 and D 2 receptors throughout the precommissural portions of the striatum. The decreases in D 2 receptor density described in the present study are similar to the reductions we previously reported (Moore et al. 1998b; Nader et al. 2002) in monkeys that had self-administered cocaine for over 18 months. Both sets of findings are also consistent with data from PET imaging studies demonstrating that long-term cocaine exposure can produce decreases in D 2 receptor binding potential in humans (Volkow et al. 1990 (Volkow et al. , 1993 . Importantly, levels of D 2 receptors are closely related to the subjective effects of psychomotor stimulants, since subjects with lower levels of D 2 receptors reported positive subjective effects following methylphenidate, compared with subjects with higher levels of D 2 receptors (Volkow et al. 1999 ). The present findings provide additional information about the timecourse and neuroanatomical location of the changes within the striatum of D 2 receptor density, that may mediate cocaine's highly reinforcing effects.
Chronic cocaine self-administration also affected D 1 receptor density in the striatum of monkeys. However, the significant increases in D 1 receptor densities in some parts of the PCS following chronic cocaine exposure reported here are not consistent with our earlier report (Moore et al. 1998a) , in which decreases in D 1 receptor density were observed. In our previous study, however, monkeys self-administered cocaine for 18 months, compared with 3.3 months in the present study. Considering the results of both sets of studies, one hypothesis generated from these data is that D 1 receptor density is differentially regulated over time with continued exposure to cocaine. That is, the initial increase in density that precedes a later decrease may represent two distinct mechanisms of D 1 receptor regulation. Support for this differential D 1 receptor regulation comes from the Farfel et al. (1992) study in which two weeks of cocaine administration followed by two weeks withdrawal resulted in a significant decrease in D 1 receptor density in the striatum.
The opposite regulation of D 1 and D 2 receptor densities by cocaine in the present study provides important information about the mechanisms of interaction between DA receptors and cocaine-induced elevations in extracellular DA. Within the striatum, D 1 and D 2 receptors are predominantly found on different populations of the medium spiny neurons that comprise the striatal output. D 1 receptors, which facilitate neuronal firing, are found on neurons that express dynorphin, Substance P and GABA, and which project to the internal segment of the globus pallidus. D 2 receptors, which inhibit neuronal firing, are found on neurons which express enkephalin and GABA and which project to the external segment of the globus pallidus.
These two populations of neurons modulate the output of the basal ganglia in opposite directions, but because the D 1 and D 2 receptors themselves have opposite effects on the neurons that express them, a global increase in DA levels, like the one caused by cocaine, would result in the two systems working additively to affect the final output of the basal ganglia. From this perspective, the upregulation of D 1 receptors may be seen as an attempted compensation for the downregulation of D 2 receptors. However, it appears that continued exposure to cocaine (of up to 18 months) overcomes this compensatory mechanism, since both populations of receptors are eventually reduced (Moore et al. 1998a,b) .
In the studies by Moore et al., monkeys had selfadministered 431-588 mg/kg cocaine in their lifetime, compared with the ‫0001ف‬ mg/kg cocaine over a shorter period of time in the present study. Thus, it appears that the temporal course of neuroadaptation that accompanies cocaine self-administration may depend more on the duration of exposure than on the cumulative cocaine intake. Additionally, in some striatal regions, receptor density changes did not differ as a function of dose. This suggests that the changes were not due only to cumulative cocaine dose, but perhaps the entire process of "drug seeking", including the presentation of environmental cues such as discriminative stimuli and conditioned reinforcers. Observations made by Volkow et al. (1993) support this hypothesis. These investigators found that D 2 receptor density was significantly correlated with years of cocaine use, but not with the cocaine doses used. These correlational data reported by Volkow et al. (1993) , along with our findings in monkeys (Moore et al. 1998a,b; present study) , suggest that it is not only the pharmacological effects of cocaine that alter DA receptor densities, but rather that the behavioral repertoire and environmental context have an important impact as well.
